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Vertebrate evolutionSoxE genes are multifunctional transcriptional regulators that play key roles in speciﬁcation and differentia-
tion of neural crest. Three members (Sox8, Sox9, Sox10) are expressed in the neural crest and are thought to
modulate the expression and activity of each other. In addition to regulating the expression of other early
neural crest marker genes, SoxE genes are required for development of cartilage. Here we investigated the
role of SoxE genes in development of the neural crest-derived branchial skeleton in the sea lamprey. Using
a morpholino knockdown approach, we show that all three SoxE genes described in lamprey are required
for branchial basket development. Our results suggest that SoxE1 and SoxE2 are required for speciﬁcation
of the chondrogenic neural crest. SoxE3 plays a morphogenetic role in patterning of the branchial basket
andmay be required for the development of mucocartilage, a tissue unique to larval lampreys. While the lam-
prey branchial basket develops primarily from an elastin-like major extracellular matrix protein that is
speciﬁc to lampreys, ﬁbrillar collagen is also expressed in developing branchial cartilage and may be regulat-
ed by the lamprey SoxE genes. Our data suggest that the regulation of Type II collagen by Sox9 might have
been co-opted by the neural crest in development of the branchial skeleton following the divergence of
agnathan and gnathostome vertebrates. Finally, our results also have implications for understanding the
independent evolution of duplicated SoxE genes among agnathan and gnathostome vertebrates.y).
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The presence of a supporting internal skeleton is a deﬁning charac-
ter of vertebrates. A second notable vertebrate character is the presence
of the neural crest and it has been proposed that the appearance of the
neural crest was a key in the emergence of vertebrates (Gans and
Northcutt, 1983). The neural crest is a transitory population of cells
that arises during vertebrate development and gives rise to numerous
vertebrate-speciﬁc structures including neurons and glial cells of the
peripheral nervous system, pigment cells, as well as making contribu-
tions to cranial ganglia in the vertebrate head (Le Douarin and
Kalcheim, 1999). Importantly, the neural crest also makes a contribu-
tion to the head skeleton, giving rise to craniofacial bones and viscero-
cranial cartilage.
Because of their important phylogenetic position, lampreys are
key species for understanding the evolution of many vertebrate
developmental mechanisms, especially evolution of the neural crest
and its derivatives (Gans and Northcutt, 1983). Knowledge about
the evolutionary origins of neural crest developmental mechanisms
will serve as a foundation for understanding the importance of thedivergence of neural crest developmental mechanisms in diverse
vertebrate models (Sauka-Spengler et al., 2007).
Among the key genes required for neural crest development are the
SoxE genes (Sox8, Sox9, Sox10), HMG-box transcription factors that are
required for speciﬁcation of neural crest during early vertebrate devel-
opment (Cheung and Briscoe, 2003). SoxE genes also function as surviv-
al factors. In the absence of Sox9 expression, trunk neural crest cells
undergo apoptosis (Cheung et al., 2005) while morpholino knockdown
of Sox10 in Xenopus results in increased apoptosis and the loss of neural
crest precursors (Honore et al., 2003).Multiple studies have shown that
SoxE genes also modulate the expression and function of each other
(Maka et al., 2005; Reiprich et al., 2008; Suzuki et al., 2006). In addition
to their cross-regulatory activity, Sox9 and Sox10 regulate differentia-
tion of numerous neural crest derivatives. Sox9 is known to directly
regulate expression of Type II collagen, the major extracellular matrix
protein in gnathostome vertebrate cartilage, and evidence from the
chick also suggests a regulatory role for Sox10 in chondrogenesis
(Suzuki et al., 2006). Sox10 also is known to regulate expression of
genes required for additional neural crest derivatives including
neurons, glia, and pigment (Britsch et al., 2001; Dutton et al., 2001).
We have recently described in the sea lamprey, Petromyzon
marinus, development of the viscerocranial skeleton, the fused bran-
chial basket that supports the lamprey pharynx (Martin et al.,
2009); see also (Morrison et al., 2000; Yao et al., 2008). We showed
that the skeletal rods of the branchial basket are comprised of
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cartilages form as aggregate condensations of polygonal cells. The
subchordal and parachordal cartilage condensations form anchor
points that tether the skeletal rods to the notochord. Several groups
have also shown that SoxE genes are expressed in the developing
branchial arches that will form the skeletal rods (McCauley and
Bronner-Fraser, 2006; Ohtani et al., 2008; Zhang et al., 2006). It was
suggested that chondrogenesis in the ancestral vertebrate likely in-
volved SoxE regulation of cartilage effector proteins and that Type II
collagen arose early in vertebrate evolution as an extracellular matrix
protein in cartilage formation (Ohtani et al., 2008; Zhang et al., 2006).
Previously, we described the duplication of SoxE genes in the lam-
prey where we noted the presence of three SoxE paralogs that were
named SoxE1, SoxE2 and SoxE3 (McCauley and Bronner-Fraser,
2006). Importantly, only one of these (SoxE3) showed sequence
homology with gnathostome Sox9 but there was little sequence sim-
ilarity observed between the lamprey SoxE1 and SoxE2 paralogs with
the remaining gnathostome SoxE paralogs, Sox8 or Sox10. This result
suggested that either multiple SoxE genes arose independently with-
in the agnathan and gnathostome lineages, or that common duplica-
tion events have been masked by the deep divergence time
between lampreys and gnathostomes. Further, we showed that each
of the three lamprey SoxE genes is expressed in developing cartilage.
These results suggest that in lampreys, multiple SoxE genes may be
required for proper development of the viscerocranial skeleton
(McCauley and Bronner-Fraser, 2006).
Here, we use a morpholino-knockdown approach and expression
analysis to investigate the role of each of the SoxE genes in develop-
ment of the branchial basket. We show that both SoxE1 and SoxE2
are required for speciﬁcation of the chondrogenic neural crest, but
our results suggest that the function of SoxE3 is in patterning neural
crest-derived chondrocyte stacks in the skeletal rods; following
SoxE3 knockdown, chondrocytes that form the skeletal rods have
the appearance of the polygonal cells that form the subchordal and
parachordal chondrocytes (Martin et al., 2009). To determine if the
observed effects on formation of the viscerocranial skeleton are spe-
ciﬁc to the chondrogenic neural crest, or instead result from a failure
of neural crest cells to form, we examined migratory and
post-migratory neural crest stages of development following SoxE
morpholino knockdown. We also examined the formation of
pigment, another neural crest-derived cell type (Martin et al.,
2009). Taken together, our results suggest that SoxE1 and SoxE2 are
required for speciﬁcation and migration of neural crest, but SoxE3
plays a role in morphogenesis of the chondrocyte stacks in each bran-
chial arch. Finally, we show that morpholino-mediated knockdown of
each of the lamprey SoxE genes results in reduced expression of
Col2a1b, conﬁrming a regulatory link between SoxE genes and
Col2a1 expression as has been suggested (Ohtani et al., 2008; Zhang
et al., 2006). We discuss the importance of our results in the context
of functional divergence of duplicated SoxE genes in the agnathan
and gnathostome lineages, and also with respect to evolution and
development of the neural crest.
Materials and methods
Lamprey adult and embryo husbandry
To obtain embryos, gravid adult sea lampreys were collected from
maturing cages submerged in the Ocqueoc River near Hammond Bay
Biological Station, Millersburg, MI, and shipped to the University of
Oklahoma where adult lampreys were housed at 14 °C in a recirculat-
ing water system. Eggs removed from females were either fertilized
immediately in a beaker containing a small volume of water
(200 ml) by expressing sperm from a male directly onto the eggs, or
alternately eggs were expressed dry into a petri dish, sealed with
paraﬁlm, and stored at 8 °C for later in vitro fertilization. We havefound that eggs held in this manner may still be fertilized for up to
4 days after collection. Embryos were reared in small Pyrex® dishes
under a constant ﬂow environment, in 0.05× Marc's Modiﬁed Ringers
solution (MMR) chilled to 19 °C.
Pigment and skeletal staining and imaging
Month-old proammocoete larvae (wildtype, mismatch morpho-
lino control, and experimental morpholino-injected embryos) were
photographed for melanogenic effects and subsequently stained
with Alcian Blue as described previously (Martin et al., 2009) to visu-
alize the branchial basket. Alcian Blue-stained embryos were then
photographed with transmitted light to visualize the mucocartilage
and branchial basket elements, and the induced ﬂuorescence of the
branchial basket was then optically sectioned using a Zeiss Apotome
as described (Martin et al., 2009). Z-series images of skeletons were
collected and rendered as 3D reconstructions using Zeiss Axiovision
software (v 4.8.1). Images of 3D reconstructions are shown as maxi-
mum intensity projections. Images of all Alcian Blue stained larvae
are available upon request.
Morpholino injection
Zygotes or single blastomeres of two-cell stage embryoswere injected
with antisensemorpholino (10–100 ng).We have shown previously that
injection into one blastomere at the two-cell stage may result in mor-
phant effects to one lateral half of an embryo, serving as an internal con-
trol for morpholino effects (McCauley and Bronner-Fraser, 2006; Nikitina
et al., 2008; Sauka-Spengler et al., 2007). Five-base pair mismatch mor-
pholinoswere also injected to control for non-speciﬁcmorpholino effects.
Sequences, speciﬁcity and efﬁcacy of SoxE1 and AP2morpholinos used in
this study have been established previously (McCauley and Bronner-
Fraser, 2006; Nikitina et al., 2008; Sauka-Spengler et al., 2007). SoxE2MO;
5′-TCGATGACCCCGATTGCGACGACGA-3′. SoxE3MO; 5′-CTTTCGAGAGGA-
GAGCAGAGCCGCA-3′. Mismatch ControlMOs; 5′-TCCATCACCCCCATTCC-
GACCACGA-3′, 5′- CTTTGGAGACGAGACCACAGCCCCA-3′. Numbers of
embryos analyzed for morphant effects are shown in Results, and are
also presented as Supplementary tables (Tables S1–S3).
In situ hybridization
Prior to in situ hybridization, embryos were ﬁxed in 4% MEMFA,
dehydrated in methanol, and stored at −20 °C (McCauley and
Bronner-Fraser, 2002). Methods for in situ hybridization were followed
as described previously (Nikitina et al., 2009).
Real time RT-PCR
To detect changes in embryonic expression of the lamprey Type II
collagen gene Col2a1b following SoxE Morpholino injections as
described above, we extracted and puriﬁed RNA from whole embryos
(RNeasy Tissue Mini Kit;Qiagen) at embryonic day 15, st.26 of
lamprey development (Tahara, 1988). To analyze changes in relative
gene expression by quantitative RT-PCR, each sample was tested in
triplicate (technical replicates) and two samples were obtained for
each Morpholino tested from six independent injection experiments
(biological replicates). For each experiment, 10 experimental or
control morpholino-injected embryos (30 mg of embryonic tissues)
were used per column for RNA isolation. Expression levels of 18S
rDNA were used as an internal standard control. We performed 2
step RT-PCR. SuperScript™ was used for ﬁrst-strand cDNA synthesis
according to the manufacturer's instruction (Invitrogen™, Carlsbad,
CA). For real-time quantitative RT-PCR, 5 μg of total RNA was treated
with DNase I and reverse-transcribed using reverse transcriptase
(Invitrogen) and primers combined with random hexamers. Quanti-
tative RT-PCR reactions were performed with 1 μg cDNA/reaction
151O. Lakiza et al. / Developmental Biology 359 (2011) 149–161using Power SYBR GREEN PCR Master Mix (Applied Biosystems, Fos-
ter City, CA) on an ABI 7500 PCR instrument (Applied Biosystems,
Foster City, CA). PCR cycles were: 2 min at 50 °C, 10 min at 95 °C
and then 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Dissociation re-
action plots conﬁrmed the speciﬁcity of the PCR product. PCR prod-
ucts were run on 2% agarose gels to conﬁrm that the designated
molecular sizes were present. Control standard PCR was also per-
formed using the GoTaq polymerase Master Mix PCR Kit (Promega)
and two independent primer pairs. The following primers for real-
time PCR were used: PmCol2a1bF1, 5′-ACC TGC CGT GAC CTC AAA
CTC TG-3′; PmCol2a1bR1, 5′-GTC TCG CCG GTC TCC ATG TTG-3′;
Pm18SF1, 5′GGT CCG CCG CGA GGT GTG-3′; and Pm18SR1, 5′-GCG
TGC GGC CTG CTT TGA AC-3′.
Results of Real time RT-PCR experiments were analyzed by the
ΔΔCt method (Livak and Schmittgen, 2001; Schmittgen and Livak,
2008). For each of our samples, the Ct value of the housekeeping
gene (18S rRNA) was subtracted from the corresponding Ct value
for Col2a1b. From the resulting ΔCt value, ΔΔCt was then determined
and expressed as relative quantitation (RQ) (Livak and Schmittgen,
2001), a measure of fold change in gene expression level. One way
analysis of variance by unpaired t test was used to determine signiﬁ-
cance (Pb0.05). Results are from a total of six biological replicates,
(18 technical replicates).Results
SoxE genes are required for development of the branchial basket
Lamprey SoxE1 is required for development of the branchial
arches during early development (McCauley and Bronner-Fraser,
2006). Here, we examine the roles of each of the identiﬁed lamprey
SoxE genes in later development of the cartilage bars within the bran-
chial arches that form the branchial basket pharyngeal skeleton
(Table S1). Injection of the antisense SoxE1 morpholino (SoxE1MO)
had dramatic effects on development of the branchial basket cartilage
in 40% of embryos analyzed. Twenty percent (10/50) showed altered
branchial cartilage morphology after 30 days of development in
which a skeletal rod developed in each pharyngeal arch, but all
skeletal rods were abnormal in appearance (Fig. 1C, D). This result
may reﬂect a reduction in the quantity of chondrogenic neural crest
cells remaining. Notably, horizontal skeletal elements were absent in-
cluding the trabecular cartilage supporting the neural tube rostral to
the anterior limit of the notochord, and the epitrematic and hypotre-
matic processes, cartilage extensions that project from each skeletal
rod (pa3–pa9) toward the anterior to support gill openings in each
arch (compare Fig. 1B with 1D). In all embryos observed (50/50),
the otic vesicle and the velum both appeared to be unaffected follow-
ing SoxE1MO knockdown, but the oral hood surrounding the mouth
was absent in 10% (5/50) (Fig. 1C). Among 10% (5/50) of embryos
injected with SoxE1MO, cartilage elements were missing or disorga-
nized (Fig. 1E, F). The trabecular cartilage was also absent but epi-
branchial and hypobranchial elements were visible (Fig. 1F).
Another 10% of SoxE1MO-injected embryos (5/50) were missing the
branchial basket in toto (Fig. 1G, H). Although the branchial basket
and trabecular cartilages were absent, the velum, otic vesicle, and
notochord were still visible, suggesting that the effect of SoxE1 knock-
downwas related to development of chondrogenic neural crest deriv-
atives, although we cannot discount the possibility that neuronal
neural crest derivatives (e.g., dorsal root ganglia) were not affected
by SoxE1 knockdown. Interestingly, antisense morpholino knock-
down of the neural crest speciﬁer gene AP2 (Meulemans and
Bronner-Fraser, 2002; Nikitina et al., 2008; Sauka-Spengler et al.,
2007) did not affect development of the branchial basket (Fig. 1I, J),
further supporting an interpretation that SoxE1 knockdown effects
may be speciﬁc to the chondrogenic neural crest.Antisense morpholino knockdown of the SoxE2 gene resulted in
similar defects in development of the branchial basket (Fig. 2A–D)
(Table S1). Among 42 embryos analyzed at 30 days of development
following SoxE2MO injection, 81% (34/42) showed a reduction in the
number of cartilage bars present in the branchial basket (Fig. 2A, B;
compare with Fig. 1B). Among individuals where only reduction in car-
tilage bars was noted, the otic vesicle remained present (Fig. 2A). The
mucocartilaginous oral hood was absent in 12% (5/42) of embryos ob-
served. Interestingly, all horizontal cartilage elements along the antero-
posterior axis were absent, including the trabecular, parachordals,
epitrematic and hypotrematic processes, and the hypobranchial bar
(Fig. 2A, B). In 10% (4/42) of embryos analyzed following SoxE2MO
knockdown, the branchial basket was missing altogether, similar to
results following knockdown of SoxE1 (Fig. 1). Variability in morphant
effects on cartilage in the branchial arches may also reﬂect variation in
the reduction of neural crest cells migrating into branchial arches
(Fig. 2A–D). Differing from the SoxE1MO results described above,
when the branchial basket was absent the otic vesicle was also notably
absent, but development of the notochord was unaffected by SoxE2
knockdown (Fig. 2C, D), suggesting that SoxE2 expression is also
required to regulate development of the otic vesicle.
Reduced expression of SoxE3 by morpholino knockdown did not
prevent development of the branchial basket (Fig. 2E, F). In all individ-
uals examined (34), the branchial basket was present and in 9% (3/34),
we noted a reduction in number of skeletal rods. However, the mor-
phology of skeletal rods was altered. In our previous description of
branchial basket morphogenesis (Martin et al., 2009), we noted the
presence of chondrocytes with two alternate morphologies. The skele-
tal rods that make up the branchial basket are composed of cells orga-
nized into a “coinstack” appearance (Fig. 2H), whereas the trabecular,
parachordal, and subchordal cartilage elements are comprised of
polygonal-shaped chondrocytes that form aggregates of cartilage
(Fig. 2G). The parachordal and subchordal cartilage aggregates provide
attachment points for the skeletal rods of the branchial basket (Martin
et al., 2009). Knockdown of SoxE3 resulted in a transformation of skele-
tal rod cartilage cells from the coinstack appearance into cells that are
organized similar to the polygonal cell aggregates of the trabecular,
parachordal, and subchordal cartilages (Fig. 2G–I). Taken together,
SoxE antisense morpholino knockdown effects on skeletogenesis
suggest that all three SoxE genes identiﬁed in lamprey are required
for development of the cartilaginous branchial basket, but functional
differences exist in their chondrogenic roles. SoxE1 and SoxE2 may be
required for speciﬁcation of the chondrogenic neural crest cells that
will differentiate into the branchial basket since loss of either gene
may result in a complete loss in development of the branchial basket.
However, SoxE3 does not appear to be required for the speciﬁcation of
the chondrogenic neural crest but is instead required for patterning of
chondrocytes into skeletal rods. The knockdown of either SoxE1 or
SoxE2 resulted in the absence of the trabecular cartilage, and in the
most severely affected individuals, following SoxE2morpholino knock-
down the otic vesicle was also absent. This suggests that SoxE2may be
required for development of the lamprey ear, in addition to its require-
ment for development of the branchial basket. Interestingly, in approx-
imately 10% of SoxE3 morphants (3/34), the velum and all
mucocartilage were absent (Fig. 2J). This result suggests that SoxE3
expression may also be required for development of lamprey-speciﬁc
mucocartilage and is supported by the observation that among the
SoxE transcripts, only SoxE3 is expressed in the presumptivemucocarti-
lage (Fig. 6) (McCauley and Bronner-Fraser, 2006; Ohtani et al., 2008;
Yao et al., 2011).
SoxE genes play disparate roles in neural crest differentiation
To address if effects on chondrogenesis following SoxE morpho-
lino knockdown are attributable to a general developmental defect
following the loss of neural crest cells, or if SoxE knockdown effects
Fig. 1. SoxE1 morpholino knockdown effects on anterior development and skeletogenesis of the branchial basket. Images in column at left (A, C, E, G, I) are of 30 day old proam-
mocoetes stained using Alcian Blue, imaged using transmitted light. Images at right (B, D, F, H, J) are of the same prolarvae as at left, optically sectioned and rendered as 3D recon-
structions. (A, B) Control proammocoetes larva shows normal skeletal development of the branchial basket as described previously (Martin et al., 2009). (C–H) Effects to
skeletogenesis in SoxE1 morphants. Images shown reﬂect three phenotypes observed following SoxE1 morpholino knockdown. (C, D) Skeletal rods are located in each branchial
arch, but are disorganized as compared with control larvae. Epitrematic (ep) and hypotrematic processes (hp), and the trabecular cartilage (tb) are not present but skeletal rods
are fused to the ventrally located hypobranchial bar (hbb). (E, F) Disorganized skeletal elements are present in branchial arches. Ep and hp elements are visible but the trabecular
cartilage (tb) is absent. (G, H) Complete loss of all skeletal elements of the branchial basket. (I, J) Knockdown of the neural crest speciﬁer AP2 did not affect skeletal development.
Anterior structures unrelated to cartilage of the branchial basket, including mucocartilage elements (vlp, velar process; vp, ventral plate; lmp, lateral mouth plate), the otic vesicle
(ov) and the notochord (nc) were unaffected by SoxE1 knockdown. pa3–pa9, pharyngeal arches 3–9.
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effects to another neural crest derivative, melanocytes (Martin et al.,
2009) (Fig. 3; Fig. S1). Prior to processing embryos for chondrogenic
effects, SoxE1 and SoxE2 morphants were examined for effects on
pigmentation (Fig. 3; Table S1). Differentiated melanocytes ﬁrst
become visible in the head region of stage 25 embryos, after approx-
imately 11–12 days of development (Tahara, 1988). By 30 days of
development, large stellate melanocytes are present throughout the
anteroposterior axis and in branchial arches (Fig. 3A). Compared to
30 day old control proammocoete larvae, SoxE1 morphants showed
a range of pigmentation defects; melanocytes in wildtype and control
MO-injected embryos had a stellate morphology whereas SoxE1
morphants either showed a reduction in pigmentation where mela-
nocytes appeared to be similar in size to those of controls but were
present in fewer numbers (13/50; Figure S1B, C) or contained mela-
nocytes that were reduced in size with a rounded appearance(7/50; Fig. 3A, B; Fig. S1D). Effects on SoxE2 morphants ranged from
a reduction in the number of pigmented cells present (6/42; Fig. S1)
to complete loss of pigmentation in the cranial region (8/42; Fig. 3C
and Fig. S1F, G). The non-neural crest-derived retinal pigment epithe-
lium was unaffected. To determine if melanogenic effects were relat-
ed to neural crest speciﬁcation we examined pigmentation following
morpholino knockdown of AP2 and Id (Fig. 3D, E), two genes previ-
ously shown to play roles as speciﬁers in the lamprey neural crest
gene regulatory network (Nikitina et al., 2008; Sauka-Spengler
et al., 2007). Antisense MO-knockdown of AP2 and Id showed similar
effects on melanogenesis as seen after loss of SoxE2; two AP2 mor-
phants survived to 30 days of development and both lacked pigmen-
tation (Fig. 3; Fig. S1H, I). A similar effect of AP2 knockdown on
melanogenic neural crest was also observed by Nikitina et al.
(2008). Both surviving Id morphants contained no pigment in the
branchial arches (Fig. 3), although in one morphant, melanocytes
Fig. 2. SoxE2 and SoxE3morpholino knockdown effects on skeletogenesis of the branchial basket. (A, C, E) Alcian Blue staining of cartilage. (B, D, F) Same as A, C, E respectively but
optically sectioned to reveal the branchial basket cartilage. (A–D) SoxE2MO knockdown revealed two phenotypes. (A, B) transverse skeletal rods are visible in each branchial arch
but ep, hp and hbb are not visible. Pharyngeal arch 3 (pa3) is labeled. (C, D) branchial basket cartilage is absent but vlp mucocartilage remains visible. (E–I) SoxE3MO knockdown.
All branchial basket skeletal elements are present following SoxE3MO knockdown. Enlargement of i′ inset in (F) shown in I. (G) Cells of trabecular cartilage (tb). (H) Stacked
chondrocytes shown in pa3 from control larva. (I) From inset in (F); stacked chondrocytes transformed into polygonal cell morphology typical of trabecular cartilage cells (tb).
(J) Mucocartilage is absent following SoxE3MO knockdown. Asterisks indicate position of mucocartilage in 1st pharyngeal arch. Scale in J=100 μm; scale in H, I=20 μm.
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(19%) of SoxE2 morphants, but none of the SoxE1 morphants, were
completely devoid of pigmented melanocytes suggest that SoxE1
and SoxE2may operate at different points in the neural crest differen-
tiation pathway; since SoxE1 morphants were never devoid of mela-
nocytes, but the branchial skeleton was lost, this suggests that SoxE1
may play a role in speciﬁcation of the chondrogenic neural crest cell
subpopulation. Since knockdown of SoxE2 resulted in the loss of two
different neural crest derivatives (pigment and cartilage; Figs. 2C, D
and 3C), SoxE2may play an early role in speciﬁcation of cranial neural
crest cells. The observation that knockdown of the speciﬁers AP2 or Id
affected melanogenesis (Fig. 3D, E; Fig. S1) supports the interpreta-
tion that SoxE2 may operate in early neural crest speciﬁcation, in a
role that differs from that of SoxE1. In order to address these possibil-
ities, we used morpholinos to knockdown early expression of the
SoxE genes and AP2, and then examined changes to the expression
proﬁles of SoxE genes at stage 23, the neural crest migratory phase(Figs. 4, 5), and post-migration stage 26 after chondrogenic neural
crest have migrated into branchial arches (McCauley and Bronner-
Fraser, 2003, 2006) (Figs. 5, 6).
SoxE knockdown effects on SoxE gene expression
We examined changes to the expression of SoxE paralogs following
knockdown of each SoxE gene at stage 23 (Fig. 4) (Table S1). The num-
bers provided for each experiment represent the number of embryos
examined containing reduced expression or no change from SoxE
expression patterns in wildtype and control mismatch morpholino
injections, as shown in Figs. 4–7. Injection of morpholinos
(10–100 ng) yielded morphant effects on SoxE gene expression
among surviving embryos ranging from 22% to 44% of embryos exam-
ined. SoxE1 morphants showed reduced expression of SoxE1 in 25%
(2/8) of embryos examined and SoxE2 expression was reduced in 44%
(4/9) of stage 23 embryos. Notably, SoxE2 expression was reduced in
Fig. 3. Differential SoxE effects on melanogenesis. (A) Melanogenesis following injection
of control morpholino. (B) The size of melanocytes is reduced in SoxE1 morphants.
Compare arrows in (A) and (B). (C) Cranial neural crest derived melanocytes are absent
following SoxE2MO knockdown. (D) AP2MO and (E) IDMO knockdown result in loss of
differentiated melanocytes. The non-neural crest derived retinal pigment epithelium
(rpe) unaffected by SoxE, AP2 or Id knockdown (arrowhead in (C)).
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showed reduced expression of SoxE1 and SoxE3 (Fig. 4G,I) from premi-
gratory neural crest in 40% (5/16) and 22% (4/18) (Figs. 4C,I) of embry-
os, suggesting that SoxE2may regulate premigratory expression of both
of its SoxE paralogs. Somitic mesodermal expression of SoxE3 was also
abolished in SoxE2 morphants, further supporting the suggestion that
SoxE2 may regulate paralogous SoxE expression (Supplementary Fig.
S2). Interestingly, SoxE2 expression was abolished (Fig. 4H) in 38%
(3/8) of embryos, suggesting that SoxE2 may autoregulate its own
expression in premigratory and early migrating neural crest.
SoxE3 morphants were unaffected in their expression of SoxE1
(Fig. 4J) but expression of both SoxE2 and SoxE3 was reduced 33%
(4/12) and 40% (5/16) respectively in premigratory andmigratory neu-
ral crest (Fig. 4K, L), suggesting cross-regulation between SoxE2 and
SoxE3. We also examined SoxE expression following AP2MO knock-
down. Neural crest expression of SoxE1 was abolished in 33% (5/15) of
embryos examined, while SoxE3 expression was also abolished in 33%
(5//15) (Fig. 4M, O). SoxE2 expression was also reduced (Fig. 4N) in
29% (4/14) of AP2 morphants, conﬁrming an early role for AP2 in the
neural crest gene regulatory network (Nikitina et al., 2008; Sauka-Spengler et al., 2007). To conﬁrm neural crest effects related to SoxE
knockdown we examined expression of AP2 and Id in SoxE morphants
(Table S2) (Meulemans et al., 2003; Meulemans and Bronner-Fraser,
2002; Sauka-Spengler et al., 2007). At stage 23, AP2 is expressed in mi-
gratory cranial neural crest (Fig. 5A), similar to the expression pattern of
SoxE2 at this stage. SoxE1morphants lost AP2 expression frommigrato-
ry neural crest in 35% (6/17), though expression remained present in
premigratory cranial neural crest (Fig. 5C). AP2 expression was lost
from migratory neural crest among 25% (3/12) of SoxE2 morphants
(Fig. 5E) while SoxE3morphants, similar to the results for SoxE1 knock-
down, retained AP2 expression in premigratory neural crest but showed
no expression in migratory neural crest cells (Fig. 5G) in 42% (5/12) of
embryos examined. SoxE MO knockdown effects on neural crest were
further conﬁrmed by examining changes to Id expression (Fig. 5B, D,
F, H, I). Antisense morpholino knockdown of SoxE1 did not affect Id
expression in cranial neural crest among 9/9 embryos examined
(Fig. 5D) but Id expression was reduced in 67% (8/12) of SoxE2 and
80% (8/10) of SoxE3 morphants (Fig. 5F, H). Taken together, these
results suggest non-redundant effects of SoxE paralogs on development
of premigratory and migratory neural crest cells.
Since each of the SoxE paralogs is expressed in post-migratory neu-
ral crest-derived prechondrocytes of the branchial arches in stage 26
embryos (Fig. 6A–C) (McCauley and Bronner-Fraser, 2006), we exam-
ined stage 26 morphant embryos for effects on SoxE paralogous gene
expression (Fig. 6D–L) (Table S3). 33% (4/12) of SoxE1 morphants
showed down-regulation of SoxE2 expression from branchial arches
(Fig. 6D) while SoxE3 was expressed in the neural tube (Fig. 6E)
among27% (3/11) of the SoxE1morphants. This result is of particular in-
terest since SoxE3 is not expressed in the neural tube at stage 26
(Fig. 6C). These results suggest that SoxE1may be required to maintain
expression of SoxE2, but SoxE3 expression continues in the absence of
SoxE1. Continued expression of SoxE3 in the neural tube at stage 26
(Fig. 6E) suggests that premigratory neural crest cells, in the absence
of SoxE1 expression, may be unable to undergo epithelial to mesenchy-
mal transition to migrate into the pharyngeal region. This result sup-
ports the previous observation that in the absence of SoxE1, branchial
arches fail to develop (McCauley and Bronner-Fraser, 2006).
SoxE2morphants (Fig. 6F, G) showed reduced expression of SoxE1 in
branchial arches among 50% (6/12) of embryos. SoxE3 expression was
present in branchial arches of 86% (12/14) of SoxE2 morphants, and as
observed in SoxE1morphants (Fig. 6E), SoxE3 continued to be expressed
in the neural tube in stage 26 SoxE2 morphants (Fig. 6G). In addition,
SoxE3 expression remained in the ﬁrst pharyngeal arch where anterior
mucocartilage elements eventually form (Yao et al., 2011).
SoxE3 morphants retained expression of both SoxE1 and SoxE2
(Fig. 6H, I) suggesting that expression of these genes is independent
of SoxE3. However, we noted an effect on SoxE1 expression in the
branchial arches among 56% (5/9) of SoxE3 morphants (Fig. 6H, L).
SoxE3 knockdown often resulted in cells that expressed SoxE1 being
located in abnormal positions within the branchial arches, instead of
stacking to form branchial skeletal rods (compare Fig. 6J and L; see
also Fig. 2I) (McCauley and Bronner-Fraser, 2006). SoxE morphants
were unaffected in their expression of Id (Table S3), shown previously
to be expressed in lamprey premigratory and migratory neural crest
(Meulemans et al., 2003). Id is also expressed in the branchial arches
of stage 26 embryos (Fig. 7A) but SoxE knockdowns did not affect its
expression (Fig. 7B–D). Id expression at stage 26 was also unaffected
by AP2 MO knockdown and may suggest that in contrast to neural
tube expression, the branchial arch expression domain of Id may be
non-neural crest in origin. Our results suggest that all three identiﬁed
lamprey SoxE paralogs are required for speciﬁcation and differentia-
tion of the branchial skeleton.
Among the lamprey SoxE paralogs, SoxE2 is expressed transiently
in dorsal root ganglia (DRGs) (see Supplementary Fig. S2), whereas
SoxE1 and SoxE3 are not expressed and do not appear to play roles
in development of peripheral neurons. In gnathostome vertebrates,
Fig. 4. SoxEMO knockdown effects on SoxE expression during neural crest cell migration at embryonic stage 23. (A–C) SoxE expression inwildtype embryos. (D–F) SoxE1MOknockdown
showed reduced SoxE1 expression (D), SoxE2 expression was reduced in hindbrain migratory NC (E) but SoxE3 expression was unaffected (F). (G–I) SoxE2MO knockdown showed
reduced SoxE1 expression (G), abrogation of SoxE2 expression (arrow in H) and loss of SoxE3 expression from premigratory neural crest (arrowhead in I; compare with arrowhead in
C). (J–L) SoxE3MO knockdown showed no effect on expression of SoxE1 in premigratory neural crest (J), reduced expression of SoxE2 (K) and SoxE3 (L). SoxE3 expression remained in
the otic placode in all cases (asterisks in F, I, L). Following AP2 knockdown (M–O), SoxE1 (M) and SoxE3 (O) expressions were no longer present, and SoxE2 expression was reduced in
both premigratory and migratory neural crest (N).
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survival factor and in regulating myelination of glia, and also within
the peripheral neurons themselves (Britsch et al., 2001; Carney
et al., 2006). SoxE2 expression in DRGs would suggest a similar neuro-
genic role in lampreys. Unexpectedly, instead of a reduction in the
number of DRGs as observed in Sox10 mutant zebraﬁsh (Carney
et al., 2006), SoxE2 knockdown resulted in the up-regulation of
SoxE1 expression in dorsal root ganglia at stage 26 (Fig. 6F). This
result would suggest that the expression of SoxE1 is inhibited in
migratory trunk neural crest. In support of this interpretation, we
also observed up-regulation of SoxE1 expression in DRGs following
morpholino knockdown of Id expression (Supplementary Fig. S2).
Thus, SoxE2 may inhibit non-neuronal differentiation of trunk neural
crest in lampreys.
Morpholino-mediated SoxE knockdown leads to reduced type II collagen
expression
Lamprey neurocranial cartilage is formed from lamprey-speciﬁc
proteins known as lamprins (McBurney et al., 1996a,b). However, the
major extracellular matrix proteins of the branchial basket cartilage re-
main unidentiﬁed (Wright et al., 2001). Although research has shown
that lamprey cartilage is non-collagenous (McBurney and Wright,
1996; Morrison et al., 2000;Wright et al., 1983a, 2001), several investi-
gators have shown the presence of ﬁbrillar Type II collagen in lampreys.Although our previous description showed Col2a1 expression in bran-
chial arch mesenchyme rather than cartilage (McCauley, 2008), others
have demonstrated co-expression of lamprey SoxE3 with Col2a1 (Type
II collagen) in prechondrocytes during lamprey embryogenesis (Ohtani
et al., 2008; Zhang et al., 2006). Those results suggested that regulation
of Col2a1 expression by a SoxE gene is conserved to the base of verte-
brates (Ohtani et al., 2008; Zhang et al., 2006) andwere used to suggest
that regulation of Col2a1 expression by a SoxE gene predated the evolu-
tion of a chondrogenic role for Type II collagen in vertebrate cartilage
(see also Meulemans and Bronner-Fraser, 2007). Here, we used real-
time rtPCR to show that morpholino knockdown of all three SoxE
genes results in reduced Col2a1b expression at stage 26 (Fig. 8). To con-
ﬁrm speciﬁcity of effects on Col2a1b expression by each SoxE morpho-
lino, examination of changes to the expression proﬁles of Id and18s
rRNA showed that their expression was unaffected by SoxE MO knock-
down (not shown). In addition to dissociation curves generated by the
ABI 7500 software, amplicon sizes for 18S rDNA and Col2a1b fragments
conﬁrm speciﬁcity of the PCR ampliﬁcation reactions (Fig. 8B). These
results suggest that the loss of Col2a1b expression is related to the
down-regulation of the SoxE genes, and support the hypothesis that a
SoxE gene regulated Col2a1 expression in the common vertebrate
ancestor (Ohtani et al., 2008; Zhang et al., 2006). Subsequently, the
divergence of agnathan lampreys and gnathostome vertebrates has
resulted in the independent regulation of lineage-speciﬁc structural
cartilage genes in these two groups by highly divergent SoxE proteins.
Fig. 5. SoxE MO knockdown effects on expression of neural crest markers AP2 and Id at stage 23. (A, B) Wildtype expression of AP2 and Id in stage 23 control embryos; (A) AP2
expression in migratory cranial neural crest; (B) Id expression in premigratory cranial neural crest cells. (C) AP2 expression in premigratory neural crest and reduced expression
in migratory cells following SoxE1MO knockdown. (D) Id expression remains unaffected by SoxE1 MO knockdown. (E) Neural crest expression of AP2 is absent after SoxE2 knock-
down. (F) Neural crest expression of Id is reduced after SoxE2MO knockdown. (G, H) Neural crest expression of AP2 (G) and Id (H) is reduced following SoxE3MO knockdown. (I) Id
expression is reduced in neural crest following AP2 MO knockdown.
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SoxE roles in development of the lamprey branchial skeleton
All vertebrates possess cartilage, a tissue often described as a
vertebrate-speciﬁc trait (Hall, 2005). However, the question of homolo-
gy between agnathan and gnathostome cartilage has remained due to
developmental and structural differences (Kimmel et al., 2001; Wright
et al., 2001). Interestingly, cartilage-like tissues have also been
described among invertebrates (Cole, 2011; Cole and Hall, 2004; Person
and Philpott, 1969; Rychel et al., 2006; Rychel and Swalla, 2007),
suggesting the possibility that true cartilage predates vertebrates.
From our results, we infer that the mechanism regulating chondrogen-
esis in the common ancestor to agnathan and gnathostome vertebrates
likely employed multiple SoxE transcription factors. We found that
multiple SoxE paralogs are required for development and differentia-
tion of the cartilaginous branchial basket in developing lampreys. In
lampreys, we have shown previously that all three known SoxE para-
logs are expressed in prechondrocytes of the branchial basket (McCau-
ley and Bronner-Fraser, 2006); here we show that the three lamprey
SoxE genes play disparate roles in cartilage speciﬁcation and patterning.
SoxE1 and SoxE2 are both required for development of cartilage but
our results suggest that the functions for these genes are not redundant.
Although morpholino knockdown of either gene may result in total loss
of the branchial skeleton (Figs. 1G, H and 2C, D), differentialmorphant ef-
fects suggest functional differences in the roles of these genes. SoxE1MOmorphants possessed fewer skeletal rods that were disorganized but
retained numerous cartilage components of the branchial basket, includ-
ing epitrematic and hypotrematic processes, and the hypobranchial bar
(Fig. 1F). Knockdown of SoxE2 resulted in the loss of these elements
along the anteroposterior axis (Fig. 2A,B). In addition tomorphant effects
on chondrogenesis, differential effects were also noted in melanogenesis
(Fig. 3). SoxE1morphants retained melanocytes although these were re-
duced in size and did not have the stellate appearance of melanocytes
in control larvae (compare Figs. 3A, B). In contrast, SoxE2 morphants
were lacking in pigmentation, with the exception of the non-neural
crest derived retinal pigment epithelium (Fig. 3C), an effect similar to
knockdown of AP2 and Id (Fig. 3C–E), genes that function in the lamprey
neural crest gene regulatory network (Nikitina et al., 2008; Sauka-
Spengler et al., 2007). These results suggest that chondrogenic effects ob-
servedmay be related to differential effects on development of the neural
crest. Although SoxE1 morphants showed reduced expression of AP2 at
stage 23 during neural crest migration compared with the control
(Fig. 5 A, C), AP2 expression was abolished following SoxE2MO knock-
down (Fig. 5E). We also examined changes to neural crest expression of
Id at stage 23 (Fig. 5). Id expression remained present in premigratory
neural crest after SoxE1MO knockdown (Fig. 5D) but was reduced in
SoxE2 morphants (Fig. 5F). Taken together, these results suggest that
SoxE2 activity is required for speciﬁcation of the neural crest. Thus the
loss of the branchial viscerocranial skeleton from SoxE2 morphants may
be related to a reduction in neural crest cells. However, SoxE1morphants
retained expression of AP2 and Id, (Fig. 5C, D) and were able to develop
Fig. 6. SoxEMOknockdown effects on SoxE expressionwithin branchial arches of pharynx in post-migratoryneural crest at stage 26. (A–C) Expression of SoxE genes in branchial arches. Note
expression of only SoxE3 in the anteriormost arch (pa1). Branchial arch expression of SoxE2 is lost in SoxE1morphants (D); SoxE3expression is reduced frombranchial arches but expression is
retained in the neural tube in SoxE1morphants (white arrow in E). In SoxE2morphants (F, G), SoxE1 expression is absent from branchial arches (F) but is upregulated in dorsal root ganglia
(drg; arrowheads in F). (G) SoxE3 unaffected in SoxE2morphants in both anterior pharyngeal arch (pa1) and in posterior branchial arches (pa3–9); SoxE3 expression is upregulated in the
brain and neural tube (arrow inG). SoxE3morphants exhibit SoxE1 (H) and SoxE2 (I) expression in branchial arches but cellular organization into skeletal rods is disrupted. Insets (j′ inA, k′ in
C, and l′ in H) enlarged in J, K, and L, show SoxE1 expression in prechondrocytes located in branchial arches (J), broader expression of SoxE3 in prechondrocytes and surroundingperichondrial
cells (K). In SoxE3morphants (H,L), the organization of SoxE1-expressing cells is disrupted with discontiguous SoxE1-positive cells present in branchial arches (arrows in L).
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velopment of the branchial basketwere speciﬁc to the chondrogenic neu-
ral crest.
SoxE3 is also expressed in chondrocytes of the developing branchi-
al skeleton (McCauley and Bronner-Fraser, 2006; Ohtani et al., 2008).
Our results suggest that the chondrogenic requirement of SoxE3 is related
to proper morphogenesis of the branchial skeleton rather than speciﬁca-
tion since knockdown of SoxE3 never resulted in the loss of the branchial
basket (Fig. 2E, F). Instead, SoxE3 knockdown resulted in the transforma-
tion of stacked chondrocyteswithin the skeletal rods of the branchial bas-
ket into the appearance of the polygonal cartilage cells typical of the
trabecular and parachordal cartilage condensations (Fig. 2I). In situ anal-
ysis following SoxE3 knockdown supports this interpretation since the
prechondrocytes expressing SoxE1 in the branchial arches of stage 26 em-
bryos appear in abnormal positions within the arches (Fig. 6L).
Independent evolution of duplicated SoxE genes in agnathan and
gnathostome lineages
The cephalochordate amphioxus possesses a single SoxE gene that is
expressed throughout the neural tube with ﬁbrillar collagen (Meule-
mans and Bronner-Fraser, 2007). Although a functional cartilageregulatory network likely did not exist prior to vertebrates, these results
suggested that ancestral functions of SoxE may have included neuronal
and collagen regulatory roles (Meulemans and Bronner-Fraser, 2007).
Heterologous expression of amphioxus SoxE in zebraﬁsh also drives
melanogenesis (unpublished observation by D. Medeiros), and amphi-
oxus possesses pigment cells in its neural tube, which taken together
suggest that the single ancestral SoxE gene could have possessed neuro-
nal, melanogenic, and collagen regulatory functions.
Our data provide insight into the functional divergence of duplicated
SoxE genes in both agnathan and gnathostome vertebrates (Fig. 9). In
our previous analysis, we suggested that duplication of SoxE genes
could have occurred independently in agnathan and gnathostome ver-
tebrates (McCauley and Bronner-Fraser, 2006). Alternatively, common
duplication events could be masked by the sequence divergence
observed between lamprey and gnathostome SoxE genes. Nonetheless,
the present results show that lamprey SoxE paralogs retain neural,
melanogenic, and chondrogenic phenotypes as also described in
gnathostome SoxE paralogs. These roles, together with neural crest
speciﬁcation, were the likely ancestral roles of the protovertebrate
SoxE gene (Fig. 9). However, our results also reﬂect the independent
divergence of SoxE genes in the agnathan and gnathostome lineages.
Lamprey SoxE3 is the ortholog to gnathostome Sox9 (McCauley and
Fig. 7. SoxE and AP2morpholino knockdown effects on expression of Id. (A) Id expression
inwildtype embryo at stage 26. Id expression is detected in the upperlip (ul) and lower lip
(ll), and in the dorsal and ventral regions of the branchial arches (arrows in A). (B–D)
Stage 26 embryos maintained Id expression following SoxE1, SoxE2 and SoxE3 MO
knockdown. (E) AP2 knockdown affected anterior morphology but Id expression
remained present.
Fig. 8. Real-time rtPCR expression analysis in SoxE morphants. (A) RNA isolated from
stage 26 SoxE1, SoxE2, SoxE3, and control morphants was reverse transcribed into cDNA
and analyzed by quantitative PCR. Col2a1b expression is reduced in SoxE morphants
relative to Col2a1b expression level in the control. Relative fold change (RQ) is indicated.
Morpholino knockdown of SoxE1, SoxE2, and SoxE3 resulted respectively in 0.32×, 0.15×
and 0.27× detection in the levels of Col2a1b expression relative to expression in the
controls. (B) To verify speciﬁcity of rtPCR products, expected amplicon sizes of 136 base
pairs (18S rDNA) and 122 base pairs (Col2a1b)were conﬁrmedby agarose gel electropho-
resis of PCR products following real-time rtPCR ampliﬁcation. No additional bands were
observed to be ampliﬁed (not shown). Signiﬁcance to Pb0.05. Error bars indicate the
maximum and minimum RQ values for Col2a1b relative expression among samples
analyzed.
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of SoxE1 and SoxE2 suggested that these genes may be related to
gnathostome SoxE genes only through the common SoxE ancestral
gene (McCauley and Bronner-Fraser, 2006). Nevertheless, a functional
comparison of lamprey and gnathstome SoxE genes reveals a complex
evolutionary history in which the neural crest phenotypes in both
groups related to the expression of SoxE genes cannot be ascribed to
orthologous SoxE genes (Fig. 9). Among gnathostomes, Sox9 and
Sox10 have been characterized to a greater degree than Sox8, perhaps
owing to only minor defects seen in Sox8 mutants (Sock et al., 2001)
and possible functional redundancy of Sox8 with Sox9 and Sox10
(Reiprich et al., 2008; Sock et al., 2001); Sox9 or Sox10 loss of function
phenotypes may range from severe to lethal (Dutton et al., 2001;
Honore et al., 2003; Pingault et al., 1998; Southard-Smith et al., 1998;
Spokony et al., 2002; Wagner et al., 1994; Yan et al., 2002).
Where Sox9 has taken on the cartilage speciﬁcation role in
gnathostomes, subfunctionalization of Sox10 lead to its regulation ofneural and pigment phenotypes (Britsch et al., 2001; Carney et al.,
2006; Dutton et al., 2001; Lynch and Force, 2000). Although lampreys
do not appear to possess a Sox10 ortholog (McCauley and Bronner-
Fraser, 2006), the roles of SoxE2 are overlapping in function with
Sox10. Among lamprey SoxE paralogs, only SoxE2 is expressed in
DRGs (Supplementary Fig. S2). We also show that SoxE2 is required
for melanogenesis (Fig. 3). The neural and melanogenic functions of
both Sox10 and SoxE2 in these independent lineages would suggest
that there might be functional constraints that prevent the dissocia-
tion of these two phenotypes from SoxE expression despite the pres-
ence of neural/glial and melanogenic speciﬁc enhancers (Fig. 9). One
role of Sox10 is in the regulation of myelination in glial cells along pe-
ripheral neurons; expression of the myelin protein zero (P0) is regu-
lated by Sox10 (Peirano et al., 2000). Importantly, lampreys lack
myelinated peripheral neurons. The expression of SoxE2 in DRGs
(Fig. S2E) may therefore reﬂect a role in speciﬁcation of peripheral
sensory neurons (Carney et al., 2006) but the function of a SoxE
gene in regulating myelination may have arisen only in gnathostomes
following their divergence from agnathans (Fig. 9).
SoxE1 is initially expressed in premigratory neural crest, and SoxE2
is expressed in both premigratory and migratory neural crest (Sauka-
Spengler et al., 2007). However, SoxE3 shows only weak expression in
premigratory neural crest and is absent from migrating neural crest
cells (Fig. 4) (McCauley and Bronner-Fraser, 2006; Sauka-Spengler
et al., 2007). Among gnathostomes, Sox9 is expressed in premigratory
neural crest and is required for neural crest speciﬁcation. In Xenopus,
Sox9 is expressed in both premigratory and migratory neural crest
(Spokony et al., 2002) and neural crest induction mediated by Wnt
and BMP signaling depends on Sox9 activity (Osorio et al., 2009;
Sakai et al., 2006). Since SoxE3 is orthologous to gnathostome Sox9
(McCauley and Bronner-Fraser, 2006; Zhang et al., 2006), one expec-
tation is that SoxE3would be required to direct speciﬁcation of neural
crest cells (Spokony et al., 2002). Instead, knockdown of SoxE1
expression from premigratory neural crest resulted in decreased
expression of neural crest speciﬁer genes (Sauka-Spengler et al.,
2007). Rescue of the SoxE1 loss of function phenotype was induced
by heterologous expression of Xenopus Sox9, suggesting that speciﬁ-
cation of lamprey neural crest may not depend on the Sox9 ortholog
(i.e., SoxE3), but instead requires expression of SoxE1 (or SoxE2) not
present in gnathostomes (Sauka-Spengler et al., 2007). This interpre-
tation was supported by the results of Nikitina et al. (2008) who
found that morpholino knockdown of the neural crest speciﬁer AP2
Fig. 9. Functions of vertebrate SoxE genes mapped onto a SoxE phylogeny. The SoxE phylogeny is adapted from McCauley and Bronner-Fraser (2006). Likely preduplication ances-
tral SoxE functions are indicated in Roman numerals, basal vertebrate functions are shown in parentheses. Agnathan- and gnathostome-speciﬁc functions are shown in brackets.
Ancestral functions are inferred from amphioxus (Meulemans and Bronner-Fraser, 2007). Vertebrate basal functions (1–5) are conserved between agnathans and gnathostome ver-
tebrates, while derived functions speciﬁc to lamprey or gnathostomes [6–9] arose independently within each lineage. Gnathostome SoxE gene names are shown in boldface; lam-
prey SoxE gene names are shown in italic;, BfSoxE, Branchiostoma ﬂoridae. Citations for SoxE functions are provided in the SUPPLEMENTARY materials (Table S4).
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that SoxE1 and SoxE2 expressions are required for neural crest forma-
tion (Fig. 4). Knockdown of SoxE3 resulted in no change to expression
of SoxE1 in premigratory neural crest (Fig. 4J), although SoxE2 expres-
sion was decreased, and neural crest-derived prechondrocytes con-
tinued SoxE1 and SoxE2 expressions in branchial arches (Fig. 6). The
involvement of lamprey-speciﬁc genes SoxE1 and SoxE2 in neural
crest development would suggest that the neural crest gene regulato-
ry network in place in the vertebrate ancestor likely co-opted differ-
ent SoxE transcription factors upon the divergence of agnathan and
gnathostome lineages (Fig. 9) (Meulemans and Bronner-Fraser,
2004, 2005).
SoxE3may also play a neofunctional role in development of lamprey
mucocartilage. Mucocartilage is a larval lamprey-speciﬁc tissue not
found in other vertebrates and forms most of the skeletal elements in
the anteriormost pharyngeal arches of lampreys (Wright and Youson,
1982; Yao et al., 2011). Among the SoxE genes, only SoxE3 is expressed
in the anteriormost ﬁrst pharyngeal arch (Fig. 6C, G) (McCauley and
Bronner-Fraser, 2006; Ohtani et al., 2008; Yao et al., 2011). A recent in-
vestigation into mucocartilage development in the anterior pharyngeal
arches in the Japanese lamprey, Lethenteron japonicum, showed that
development of this tissue may be regulated by endothelin signaling,
and further, may be related to SoxE3 expression in the anteriormost
pharyngeal arch (Yao et al., 2011). When endothelin signaling was
interrupted, mucocartilage elements failed to develop with concomi-
tant reduction in expression of SoxE3. Our results showing that SoxE3
knockdownmay interrupt development of anterior mucocartilage skel-
etal elements that form in the ﬁrst pharyngeal arch (Fig. 2G) support
this view (Yao et al., 2011). These results would suggest that SoxE3,the lamprey ortholog to gnathostome Sox9, has acquired a lamprey-
speciﬁc neofunctional role in development of the anterior mucocarti-
lage; however, this role is unrelated to ancestral SoxE functions (Fig. 9).
SoxE regulation of Col2a1was co-opted by the gnathostome neural crest GRN
Among gnathostome vertebrates, Sox9 is a key regulator of chondro-
genesis (Akiyama et al., 2002; Eames et al., 2004) and directly regulates
the expression of Type II collagen (Bell et al., 1997; Lefebvre et al., 1997;
Ng et al., 1997; Zhao et al., 1997), themajor extracellularmatrix protein
in gnathostome vertebrate cartilage. Lampreys have been shown previ-
ously to possess Type II collagen that is co-expressedwith Sox9/SoxE3 in
prechondrocytes of the branchial skeleton (Ohtani et al., 2008; Zhang
et al., 2006), suggesting that the regulation of Type II collagen by Sox9
occurred in the common ancestor to all vertebrates and represents a
conserved regulatory mechanism in SoxE evolution. Our ﬁnding that
the morpholino knockdown of lamprey SoxE genes results in reduced
expression levels of Col2a1b supports this hypothesis (Fig. 8). Our ﬁnd-
ing that all three lamprey SoxE genes regulate Col2a1b expression sug-
gests that Type II collagen regulation was a basal SoxE function that
arose prior to the divergence of agnathans and gnathostomes (Fig. 9).
However, chondrogenesis in lampreys reﬂects their independent evolu-
tionary trajectory in which the major extracellular matrix proteins that
form cartilage are non-collagenous and are more closely related to elas-
tin (Morrison et al., 2000; Wright et al., 1983b, 1988). Our results sug-
gest that SoxE regulation of Type II collagen would appear to be a
minor component in differentiation of lamprey cartilage, and that the
importance of SoxE3 for cartilage development is in pattern formation
once the speciﬁcation of prechondrocytes has occurred, dependent on
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pendent on all three SoxE paralogs present, but the speciﬁcation of car-
tilagemay occur independently of SoxE3/Sox9 in lampreys, even though
SoxE3 regulation of Type II collagen remains present. Importantly, since
knockdown of all three SoxE genes resulted in reduced Col2a1b expres-
sion (Fig. 8), this may reﬂect the requirement for Type II collagen
expression in lamprey cartilage despite a putative secondary role and
it remains possible that the role of SoxE genes in patterning of lamprey
cartilage is related to Col2a1 expression. While the process of chondro-
genesis is likely a vertebrate synapomorphy and may involve a con-
served gene regulatory network (Hecht et al., 2008; Meulemans and
Bronner-Fraser, 2007), the genes that regulate cartilage development,
i.e., Sox9 in gnathostomes or SoxE1 and SoxE2 in lampreys, are not ortho-
logous across gnathostome and agnathan vertebrates and reﬂect the
independent evolution of cartilage in these lineages. Interestingly, AP2
knockdown in lampreys resulted in reduced expression of SoxE1, but
expression levels of Col2a1 were not affected (Nikitina et al., 2008).
That ﬁnding contrasts with our result that knockdown of each of the
SoxE genes, including SoxE1, reduces Col2a1b expression levels
(Fig. 8). Further, these results would suggest that in lampreys SoxE reg-
ulation of Col2a1 expression may occur outside the neural crest GRN
since the early requirement of AP2 for expression of neural crest speci-
ﬁers did not affect Col2a1 expression (Nikitina et al., 2008). This would
imply that in both lampreys and gnathostomes, chondrogenesis of the
branchial skeleton depends on the presence of neural crest cells, but
Col2a1 regulation by SoxE genes in lampreys occurs independently of
neural crest-derived cartilage (Fig. 9). In addition, this interpretation
would suggest that SoxE regulation of Col2a1 arose prior to the chon-
drogenic function of neural crest, but this regulatory mechanism was
subsequently co-opted into the neural crest GRN early in gnathostome
vertebrate evolution (Meulemans and Bronner-Fraser, 2004, 2005).
Gene regulatory networks in phylogenetically distant organisms
Recent advances in neural crest biology have demonstrated that a
neural crest gene regulatory network is present in lampreys (Meule-
mans and Bronner-Fraser, 2004; Nikitina et al., 2008; Sauka-Spengler
et al., 2007) and that many regulatory gene interactions required for
the development of the neural crest might have existed in the last
common ancestor to vertebrate and non-vertebrate chordates (Meu-
lemans and Bronner-Fraser, 2004). Similarly, the presence of a chor-
date skeletogenic gene regulatory network has also been proposed
(Hecht et al., 2008). Dissecting the lamprey skeletogenic and neural
crest networks, and mapping putative interactions onto known regu-
latory pathways is challenging because the orthology of many lam-
prey genes to their gnathostome homologs is not known below the
subfamily level due to amino acid sequence divergence (McCauley
and Bronner-Fraser, 2002, 2004, 2006; Meulemans and Bronner-
Fraser, 2002; Neidert et al., 2001; Rahimi et al., 2009). As we have dis-
cussed above, the independent co-option of duplicated genes (para-
logs) in agnathan and gnathostome vertebrates has resulted in the
conservation of developmental pathways involving non-orthologous
genes among different vertebrate species (Locascio et al., 2002; Sef-
ton et al., 1998). In order to determine if a developmental pathway
has been conserved across the agnathan–gnathostome boundary, it
is necessary to characterize functional roles for each of the paralogs
that belong to a gene family of interest since sequence similarity
and expression analysis alone are not informative regarding the func-
tional roles of the paralogs. Our results suggest that multiple SoxE
paralogs were required in evolution and development of the verte-
brate skeleton. We infer from our results that the neural, pigment,
and skeletogenic functions of SoxE gene expression in neural crest
cells predated the divergence of agnathan and gnathostome verte-
brates, but the independent co-option of SoxE genes and a divergence
time N400 million years have resulted in independent evolution of
lineage-speciﬁc SoxE gene activities.Acknowledgments
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